The nematode Caenorhabditis elegans is well established as a system for characterization and discovery of molecular mechanisms mediating microbe-specific inducible innate immune responses to human pathogens. Coxiella burnetii is an obligate intracellular bacterium that causes a flu-like syndrome in humans (Q fever), as well as abortions in domesticated livestock, worldwide. Initially, when wild type C. elegans (N2 strain) was exposed to mCherry-expressing C. burnetii (CCB) a number of overt pathological manifestations resulted, including intestinal distension, deformed anal region and a decreased lifespan. However, nematodes fed autoclave-killed CCB did not exhibit these symptoms. Although vertebrates detect C. burnetii via TLRs, pathologies in tol-1(-) mutant nematodes were indistinguishable from N2, and indicate nematodes do not employ this orthologue for detection of C. burnetii. sek-1(-) MAP kinase mutant nematodes succumbed to infection faster, suggesting that this signaling pathway plays a role in immune activation, as previously shown for orthologues in vertebrates during a C. burnetii infection. C. elegans daf-2(-) mutants are hyper-immune and exhibited significantly reduced pathological consequences during challenge. Collectively, these results demonstrate the utility of C. elegans for studying the innate immune response against C. burnetii and could lead to discovery of novel methods for prevention and treatment of disease in humans and livestock.
Introduction
Coxiella burnetii is a highly infectious, obligate intracellular g-proteobacterium that causes Q fever in humans.
1 Q fever is a zoonosis maintained in nature between hematophagous ticks, 2 and a wide variety of domesticated (goats, sheep, cattle) and wild animals (e.g. kangaroos, foxes, cats, dogs). [3] [4] [5] [6] [7] It is generally accepted that domesticated ruminants are primary reservoirs of C. burnetii worldwide. Coxiellosis is the term used to describe pathologies associated with a C. burnetii infection of livestock and can include colonization of the placenta, stillbirth and premature abortion. 8 Infected animals shed bacteria through contaminated milk, placenta, urine, amniotic fluid and feces.
Humans living in close proximity to infected herds and those who care for livestock (e.g. ranchers, veterinarians, abattoir employees) are at highest risk of contracting Q fever. 1, 9, 10 It is generally accepted that inhalation of contaminated aerosols containing the environmentally resistant spore-like morphotype of C. burnetii is the primary route of human infection. 11 This spore-like morphotype, or small-cell variant (SCV), is highly resistant to environmental stress (heat, desiccation, UV light). Environmental persistence, combined with its characteristic low infectious dose, aerosolborne transmission to humans and past use as a bioweapon resulted in classification of C. burnetii as a CDC Category B select agent.
Reports describing Q fever outbreaks throughout the world have been steadily increasing. [12] [13] [14] [15] [16] [17] [18] An epidemic recently occurred in the Netherlands over a 4-yr period (2007) (2008) (2009) (2010) (2011) , wherein > 4000 cases of acute Q fever were reported, and approximately 50% of patients were hospitalized. 19, 20 In an attempt to control the dramatic rise in cases, 957 pregnant sheep and goats in 13 herds positive for Coxiella were culled and remaining animals were vaccinated. 21 This event demonstrates the significant impact of C. burnetii on the health of domesticated livestock and the human food supply.
Following inhalation, SCVs transition to the metabolically active morphotype [large cell variants (LCVs)], which initially occurs in phagolysosome-like acidic compartments of alveolar macrophages (referred to as parasitophorous vacuoles). 22 Over time, noninflammatory intra-alveolar lesions develop, as well as subsequent acute and potentially chronic Q-fever pathologies. Acute manifestations in humans include a flu-like pneumonia that typically occurs within 2-3 wk following exposure to C. burnetii, often accompanied by a dry cough, fever, chills, myalgia, and malaise. 1 Although most cases are self-limiting, chronic manifestations are reported in about 5% of cases, including culture-negative endocarditis, chronic hepatitis and chronic fatigue syndrome, and these patients are often prescribed years of antimicrobial therapy. [23] [24] [25] [26] C. burnetii infection has been studied in a wide variety of systems, including cultured mammalian and tick cells, as well as vertebrate and invertebrate animals. 27, 28 Both innate and adaptive immune responses play roles in controlling Coxiella infection of vertebrates. 29 TLR and NOD play significant roles in the initial detection of Coxiella. [30] [31] [32] In humans, IFN-g-orchestrated systemic cell-mediated mechanisms lead to granuloma formation and potential resolution of acute infection. In contrast, a faulty cell-mediated immune response leads to defective granuloma formation, overproduction of IL-10 and IFN-g, and decreased production of IL-2, resulting in subsequent chronic manifestations. 29, 33 Free-living nematodes such as Caenorhabditis elegans are non-segmented invertebrate roundworms that inhabit a variety of aquatic and terrestrial environments throughout the world and ingest bacteria, fungi and other organic material to develop and generate progeny. 34 Free-living nematodes are capable of differentiating food from pathogens by olfactory mechanisms, and this avoidance behavior is the first innate immune response for C. elegans. 35, 36 The second innate immune mechanisms are physical; provided by a strong exoskeleton, and mechanical via a pharangeal grinder capable of destroying most microbes ingested upon feeding. 35 The third defense mechanism consists of a complex inducible innate immune system that regulates generation of antimicrobial effectors in a pathogenspecific manner. 35, 37 Invertebrates of the phylum Nematoda, such as C. elegans, do not possess an apparent acquired immune response, circulating immune cells, homologues of vertebrate cytokines, NF-kB transcription factor or other components of the TLR signaling pathway such as MYD88. 38 However, C. elegans does possess a number of innate immune components that are evolutionarily conserved with vertebrates, including a single TLR, p38 MAPK, FOXO and b-catenin, 38 as well as TFEB-family transcription factor HLH-30, mediating response to infection. 39 Over 40 human pathogens have been analyzed in the genetically tractable C. elegans infection model. [40] [41] [42] [43] Moreover, unique and specific pathologies and corresponding immune responses have been described in C. elegans. One of the most interesting models resembles the flea proventricular colonization by Yersinia pestis, 44 wherein the bacterium forms a biofilm on the mouth of C. elegans. 45 The overall goal of this study was to determine the utility of C. elegans as a tool for analysis of the innate immune response against C. burnetii by studying the nematode's avoidance, physical/mechanical and inducible innate immune responses upon exposure to the pathogen.
Materials and methods

Cultivation and manipulation of bacteria
C. burnetti (Nine-Mile phase II; strain RSA 439) was cultured in acidified citrate cysteine medium-2 (ACCM-2), as previously described. 46 Briefly, ACCM-2 broth in sterile, vented-cap polycarbonate flasks was inoculated with C. burnetii to a final concentration of 1 Â 10 6 bacteria/ml. Flasks were incubated in a tri-gas incubator (Model NU-4950; Nuaire, Plymouth, MN, USA) maintained at 2.5% oxygen, 5% carbon dioxide, 92.5% nitrogen and 88% relative humidity at 37 C. Cultures were incubated for 7-10 d with gentle shaking, and bacteria collected by centrifugation (16,000 g, 15 min, 4 C) were prepared for nematode infection experiments (below). ACCM-2 was supplemented with chloramphenicol (5 mg/ml final concentration) when required. Transformation of C. burnetii with pKM244 (a Coxiella shuttle vector derived from pKM230, 47 and kindly provided by Dr. James E. Samuel) was accomplished using published electroporation methods. [48] [49] [50] Clones were isolated by limiting dilution growth in ACCM-2. The resulting, transformed mCherry-expressing C. burnetii strain was termed CCB. E. coli (strain OP50) was cultured overnight ($16 h) in lysogeny broth (LB) at 37 C with gentle shaking. Cells were collected by centrifugation (10,000 g, 10 min, 4 C). E. coli OP50 was transformed with pKM244 by standard electroporation methods and LB supplemented with chloramphenicol (20 mg/ml final concentration) when culturing. The resulting pKM244-transformed strain was termed mCherry E. coli (CEC).
Cultivation and manipulation of C. elegans C. elegans wild type (N2 Bristol) and mutant [tol-1(nr2033), sek-1(km4), and daf-2(e1370)] strains were obtained from the Caenorhabditis Genetics Center, University of Minnesota. C. elegans was cultured on the surface of agar-solidified new nematode growth media (NNGM), as previously described. 51 Briefly, NNGM base components (0.55 g/l Tris-HCl, 0.24 g/l Tris-base, 4.6 g/l tryptone, 2.0 g/l NaCl and 20 g/l agar) were combined, autoclaved, cooled to 65 C and supplemented with cholesterol (8 mg/ml final concentration) before pouring plates. NNGM plates were supplemented with chloramphenicol (final concentration of 20 mg/ml) when experiments included bacteria transformed with pKM244. C. elegans was routinely cultured at 25 C, although in experiments utilizing temperature-sensitive, loss-of-function allele daf-2(e1370), nematodes were cultured at 15 C and survival analyses were done at 20 C in parallel with N2. Cultured bacteria were prepared for routine nematode feeding and infection experiments by washing cells twice using the centrifugation parameters above, in M9 buffer (3.0 g/l KH 2 PO 4 , 3.1 g/l Na 2 HPO 4 , 5.0 g/l NaCl and 0.25 g/l MgSO 4 ; no pH adjustment; filter sterilized), microscopically enumerating and re-suspending in M9 to a final concentration of 1 Â 10 9 -1 Â 10 10 cells/ml. Volumes (100 ml or 300 ml) of bacterial suspensions were then spread onto the surface of NNGM plates (60 -or 100-mm Petri dishes, respectively), and allowed to dry. For experiments with dead bacteria, cell suspensions were autoclaved (20 min, liquid cycle) just prior to being spread onto plates.
C. elegans was synchronized by treatment with bleach as previously described, 51 prior to C. burnetii challenges. Embryos were re-suspended in M9 (1-10 ml) and incubated with gentle shaking until the majority hatched ($24 h at 25 C). L1-stage larvae were then seeded onto plates containing UV-inactivated E. coli OP50 and cultured until the synchronized population of nematodes reached L4 stage ($40 h at 25 C) for subsequent use in infection experiments. UV-inactivated E. coli OP50 was used to prevent carry-over of live E. coli onto experimental C. burnetii plates. This was accomplished by exposing plates prepared with live E. coli to UV germicidal irradiation in a GS Gene Linker chamber (BioRad Inc., Hercules, CA, USA) for 90 s at a distance of 15 cm from the UV light source. The effectiveness of the treatment was confirmed by the lack of colonies following overnight outgrowth.
Pathogen avoidance assay
CEC and CCB were cultured and washed in M9 as above and NNGM plates containing four small lawns of bacteria were prepared, including: (i) live CCB, (ii) autoclave-killed CCB, (iii) live CEC and (iv) autoclavekilled CEC. C. elegans was cultured and synchronized as above. Twenty-five L1-stage or L4-stage larvae were separately transferred to the center of the plate, equidistant from the four bacterial lawns and allowed to migrate to the preferred food source(s). Each analysis was performed in triplicate. After 24 h at 25 C, the location of each nematode was recorded as being either on one of the four lawn types or outside any of them.
Fluorescence and light microscopy of nematodes
Routine analysis of C. elegans by fluorescence/light microscopy was accomplished by transferring nematodes to glass slides with M9 (10 ml) containing levamisole (250 mM), a nematode paralytic agent that enables better image capture. Nematodes were examined and imaged using a phase contrast microscope (BX51; Olympus, Center Valley, PA, USA) equipped with a fluorescence illuminator (X-Cite 120Q; Excelitas Technologies, Waltham, MA, USA) and a cooled digital color camera (DP72; Olympus) with accompanying acquisition software (DP2-BSW; Olympus).
Deformed anal region (Dar) morphology was recorded by mounting nematodes on a 5% agarose pad as previously described, 52 and images were acquired using a Zeiss Axioscop with a 63Â Plan-Apochromat NA 1.4 objective with differential interference optics (Zeiss, Thornwood, NY, USA) equipped with a cooled digital AxioCam MRm camera and Zen Blue acquisition software (Zeiss).
Nematodes in individual wells of liquid-based C. burnetii persistence assay plates were directly analyzed and imaged without levamisole by using an inverted fluorescence/light microscope (CKX41; Olympus) equipped with a fluorescence illuminator (U-RFL-T; Olympus) and imaged using the same camera (DP72) and acquisition software (DP2-BSW).
Transmission electron microscopic analysis of infection
In general, preparation of C. burnetii-infected C. elegans for transmission electron microscopic (TEM) analyses was accomplished as previously described. 53 Briefly, L4 C. elegans was exposed to live CCB on the surface of NNGM plates for 6 6 , and subsequently washed three times for 10 min, in 0.1 M PB and rinsed in distilled water. Stained worms were embedded in 2% agarose blocks and dehydrated with a graded ethanol series prior to being embedded in 100% propylene oxide resin, then transverse cross-sectioned. Sections were mounted on TEM grids and imaged with a Hitachi H-7100 transmission electron microscope in the University of Montana EMtrix Facility (Missoula, MT, USA).
Nematode longevity assays
The lifespan of C. elegans was analyzed by the presence and survival of nematodes while being constantly exposed to relatively high concentrations of both live and dead CCB or E. coli. Initially, we chemically synchronized and hatched L1 C. elegans populations that were cultivated to the L4 stage on plates containing UV-treated E. coli OP50 before starting longevity analyses. Thirty L4 nematodes were individually picked to NNGM plates containing:
coli. Each preparation was tested in quadruplicate using four separate sets of 30 nematodes. On alternate days, surviving nematodes were transferred to fresh NNGM plates to ensure constant high-level exposure to the bacterial preparations, as well as to keep test nematodes separated from their fast-growing progeny. Experiments were conducted in parallel with control E. coli OP50 at the same temperature.
Nematodes were considered dead when they failed to respond to touch, were non-motile or if pharyngeal pumping was no longer observed. Nematodes that died as a result of crawling off the plate were censored from analysis. For each assay, nematode survival was calculated using the Kaplan-Meier method and survival differences were tested using a log-rank test (Graph Pad Prism software, version 7.0 a; GraphPad Inc., La Jolla, CA, USA) for determination of statistical significance of survival comparisons and generation of median survival times. The median survival time is the number of days required for 50% of nematodes in a given experiment to die. Dar phenotypes were scored over a 20-d time course as normal (none visible), weak (Dar-1) moderate (Dar-2) or severe (Dar-3) (see also Figure 6 ).
Results
Live C. burnetii exposure results in a number of pathological consequences to C. elegans
To explore the utility of C. elegans as a model system for studying C. burnetii pathogenesis, we initially exposed non-synchronized, wild type nematode populations to either live CEC or CCB as lawns on the surface of NNGM and observed interactions using stereo and fluorescence microscopy. From this work, it was apparent that live CCB exposure led to developmentally related pathological manifestations when compared with live CEC. The majority of young larvae (L1-L2) exposed to CCB exhibited decreased locomotion, stunted growth and died within 1 d (data not shown), whereas intact CCB appeared to accumulate in the intestinal tract of fourth-stage larvae (L4) and young adults, and consistently led to overt pathologies over time. Further analysis of L1-L2 stage nematodes was not performed in this study as young nematodes succumbed to Coxiella exposure prior to exhibiting other pathological manifestations necessary for scoring relative pathogenicity.
C. elegans does not recognize E. coli OP50 as a pathogen and avoids C. burnetii Soil-dwelling nematodes, such as C. elegans, ingest bacteria, fungi and other organic material through the activity of a pharyngeal pump located in the anterior portion of the gut. 54 The first innate defense of C. elegans is the ability to recognize and avoid noxious microorganisms and substances, as well as to migrate toward useful food sources. 55 This pathogen avoidance behavior has been attributed to the ability to detect specifically products generated by bacteria (e.g. homoserine lactone autoinducers, surfactants, oxygen concentration), and is mediated by G protein-coupled, insulin-like and neuronal serotonin-signaling mechanisms. 56 We tested the pathogen avoidance behavior in triplicate populations of 25 wild type nematodes separately transferred to NNGM plates containing four small lawns of different bacterial preparations: (i) live E. coli (CEC), (ii) dead CEC, (iii) live C. burnetii (CCB) and (iv) dead CBB. Both stage 1 and stage 4 larval populations were tested. After 24 h at 25 C, a major percentage of both life-stage nematodes were found on live E. coli, and both life stages appeared to recognize and avoid C. burnetii in a significant manner (P < 0.01; Figure 1 ). Live E. coli OP50 is the standard food for in vitro cultivation of C. elegans, is not recognized as a pathogen and is a preferred nutrient source over dead OP50, live CCB and dead CCB (Figure 1 
C. burnetii resists mechanical disintegration
During food ingestion, worms disrupt the meal using a grinder; a specialized organ located in the pharynx that mechanically disintegrates food prior to its entering the intestinal lumen. 54 The C. elegans intestine is a tube comprised of 20 epithelial cells called enterocytes, which play roles in nutrient acquisition and immunity. 57 Nematodes lack circulating immune cells such as hemocytes of other invertebrates or neutrophils of vertebrates. As such, the nematode intestinal epithelium has evolved to recognize and respond to pathogens in a microbe-specific manner. 58 When L4 nematodes were fed live E. coli CEC, intact bacteria were rarely observed in worms at any time point. Instead, the majority of CEC in the intestine appeared to be mechanically and/or enzymatically digested into a homogenous, dim mCherry-containing material (Figure 2a, b) . In stark contrast, CCB remained intact after consumption and accumulated in the intestinal lumen of C. elegans with markedly greater mCherry signal intensity (Figure 2c, d) . Accumulation initially occurred in two regions of the intestinal lumen, including the anterior portion of the midgut immediately posterior to the pharyngealintestinal valve and in the hindgut. Interestingly and coincidentally, these regions of the C. elegans alimentary canal are maintained at a pH of $4.5, 59 an environment well-suited to the acidophilic metabolic activity of C. burnetii.
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The second innate immune defense in C. elegans is the physical barrier created by the exoskeleton and the capacity to mechanically disintegrate ingested microbes processed by the grinding organ. Although we never observed CCB adhering to or entering C. elegans through a compromised exoskeleton, it appeared that Coxiella was capable of subverting the nematode's second line of defense by remaining intact following passage through the grinder.
Live C. burnetii generates a Dar and intestinal distension in C. elegans Accumulation of CCB led to several overt pathologies in C. elegans. Perhaps the most striking was a swollen and Dar that grew larger over time (Figures 2c, 3c , and see also Figure 6c -e later). Dar pathology was observed as a swelling of the peri-anal region, where the cuticle was progressively separated from underlying tissue. We were unable to observe mCherry signal within the swollen region, and thus concluded that C. burnetii was absent. The Dar phenotype was not observed in nematodes fed live CEC (Figure 2a ) or dead CCB (data not shown), suggesting that metabolic activity of C. burnetii or an autoclave-labile component(s) were responsible for its formation.
Live C. burnetii generates extra-luminal bleb pathology in C. elegans C. burnetii is an obligate intracellular parasite that has been shown to invade and replicate in a wide variety of host cells, including wax moth haemocytes, 28 tick tissues, 60 alveolar macrophages, 61, 62 human cardiac valves 63 and goat placental trophoblasts. 64 Following an 8-d exposure, C. burnetii accumulation in C. elegans occasionally resulted in structures resembling extraluminal blebs (Elbs; Figure 3d ), which were not evident in nematodes that fed on live CEC (Figure 3a, Elbs appeared as defined outgrowths or pouches of relatively bright mCherry-labeled material closely associated with the intestinal wall. Elbs varied in size, were observed along the entire length of the intestine, and were distinct from auto-fluorescent lipid material commonly observed in worms as they age. The relatively high-intensity fluorescence of Elbs impaired our ability to visualize individual intact CCB. Elbs may arise from invasion of enterocytes and subsequent formation of parasitophorous vacuole-like microcolonies, as described for Legionella pneumophila infection of C. elegans, 65, 66 or accumulation in coelomocyte vesicles. 67 To further characterize Elbs, anterior and posterior portions of infected alimentary canals were examined. Application of gentle pressure to worms forced the intestine and attached tissues to extrude outside the body through either the mouth (anterior) or anus (posterior). Analysis of the anterior-extruded contents of infected worms demonstrated the presence of intact CCB in the procorpus, metacorpus and isthmus of the pharynx, as well as following passage through the terminal bulb grinder and into the midgut (Figure  4a, b) .
Transmission electron microscopy demonstrates accumulation of intact C. burnetii in C. elegans
To more closely examine a C. burnetii infection of C. elegans, L4 nematodes were fed live CCB for 6 d, transverse cross-sectioned, and examined by TEM. TEM analysis at low magnification (1500Â) demonstrated that the intestinal lumen was packed with intact C. burnetii and other amorphous material (Figure 5a ). Although we did not examine E. coli-exposed worms, a previous study comparing E. coli OP50, Pseudomonas aeruginosa and Staphylococcus aureus infections of C. elegans used TEM to show that S. aureus generates intestinal distension and enterocyte effacement, 68 similar to what was observed in C. burnetii-infected C. elegans (Figure 5b ). Although further analysis is needed to more fully characterize Elb outgrowths of the intestinal lumen, we observed structures by TEM that were consistent with these blebs in several specimens (Figure 5a ). At higher magnification (20,000Â), TEM revealed an intimate relationship between intact C. burnetii and the microvillar border of the apical membrane ( Figure 5b ). As mentioned, S. aureus infection results in effacement of C. elegans enterocytes, 68 indicated by a loss of integrity in the microvillar border and shortened length of individual microvilli; similar to what we observed in C. burnetii-infected worms. An amorphous substance was also seen in the lumen with the intact bacteria and may represent nematode glycocalyx secretions. This intimate host-pathogen contact is possibly involved in pathologies exhibited by CCB-infected C. elegans. In fact, the enterocytes in infected worms appeared unhealthy, where a decreased number of secretory vesicles along with nuclear blebbing/condensed chromatin suggested that cells may be undergoing apoptosis. C. elegans used in this experiment were fed 7-10-d-old ACCM-2-grown CCB that contained a mixed population of SCVs and LCVs. Chromosomal (nucleoid) dispersion has previously been used as an indicator of metabolic activity in LCVs following growth in axenic culture. 70, 71 Although further analyses are required to characterize the metabolic activity of C. burnetii inside C. elegans, the presence of numerous bacteria with dispersed nucleoids strongly suggests that the more fragile and metabolically active LCVs were present.
C. burnetii infection decreases the lifespan of C. elegans
Analysis of the C. elegans lifespan is one of the most common quantitative methods used to characterize the effects of genetic and biological factors associated with the process of aging, 72 and to assay 'slow' killing pathologies exhibited by C. elegans following various microbial challenges. In contrast to the relatively fast death (1-2 d) exhibited by young larvae upon exposure to live Coxiella (data not shown), L4-stage nematodes lived much longer and exhibited a 'slow' killing pathology, indicated by a shortened lifespan. 73 Thus, we assessed survival of wild type N2 C. elegans exposed to CCB or E. coli OP50 that were either live or killed by autoclaving. Each of the four test treatments was provided as a lawn on the surface of NNGM plates, and 30 L4 nematodes were initially exposed to each of the four treatments in quintuplicate. Live worms exposed to each of the four treatments were enumerated daily for 20 d and transferred each day to fresh NNGM plates containing the same bacteria to generate survival curves (Figure 6a) .
While exposure to live E. coli OP50 did not induce overt pathologies in C. elegans, a reduced lifespan (15-d median) compared with worms exposed to dead E. coli (>21-d median) suggests that the standard bacterial food source elicits a slow killing pathology, as previously reported. 42 Interestingly, the median life spans of nematodes were not significantly different (P ¼ 0.9014) when fed dead E. coli or dead C. burnetii, suggesting that either bacterium can serve as a food source. In contrast, a significant difference (P < 0.0001) was observed between worms fed live E. coli or live CCB, where mean survival times were 15 d and 8 d, respectively (Figure 6a ).
To better understand Dar pathology, we assessed the size and prevalence of the peri-anal swellings induced by C. burnetii over time (Figure 6b-f) . Worms initially showed a normal peri-anal region (Figure 6b Lifespan of C. burnetii-infected C. elegans TLR mutant tol-1(-) is not significantly different from wild type C. elegans Up to this point, the results of the study clearly demonstrated a number of pathologies (e.g. Dar, intestinal distension, Elbs, decreased lifespan) in C. elegans following ingestion of live CCB that were not apparent after exposure to live E. coli or dead CCB. These pathologies suggested that the nematode's innate immune system might be activated in a fashion similar to the responses elicited by challenge with Microbacterium nematophilum or S. aureus. Thus, further exploration of C. elegans as a model for studying the molecular biology of C. burnetii pathogenesis and host immune response was warranted.
Host cells utilize pattern recognition receptors (PRRs) to detect microbial PAMPs and activate a particular subset of immunomodulatory mediators to deal with a specific pathogen. [74] [75] [76] The Drosophila melanogaster Toll-1 receptor was one of the first studied PRRs; initially it was identified as being required for proper embryonic development, 77 and later shown to play a significant role in the innate immune response of the fruit fly. 78 Subsequently, eight additional Toll-1 homologues, collectively referred to as TLRs were identified in D. melanogaster and 11 have been described, to date, in mammals. 74, 78 Several PRRs have been identified in C. elegans, 79, 80 including a single Toll-1 ortholog, termed TOL-1 (Figure 7a ). Although the signaling cascade(s) associated with this PRR is unclear, we asked whether C. elegans uses TOL-1 to detect and respond to C. burnetii by comparing pathological phenotypes and longevity of wild type and tol-1 mutant C. elegans fed live E. coli OP50 or CCB. As observed before, when wild type C. elegans were exposed to live CCB, their life spans were significantly (P < 0.0009 by pair-wise log-rank test) decreased relative to live E. coli (Figure 7b ). However, we observed no significant differences in survival between wild type and tol-1 mutants fed live CCB (P ¼ 0.6787 by pair-wise log-rank test; Figure 7b ), nor were there any observable differences in frequency or severity of Dar pathology or intestinal distension (data not shown). These results strongly suggest that C. elegans TOL-1 does not directly participate in the host response to C. burnetii.
C. elegans sek-1(-) immune signaling mutants exhibit a significantly reduced lifespan and pronounced intestinal accumulation of C. burnetii A genetic screen for C. elegans mutants that were hyper-susceptible to P. aeruginosa killing 81 identified SEK-1 and NSY-1, two MAPKs (Figure 8a adapted from 37 ) involved in cell-fate decision and required for nematode resistance to P. aeruginosa. 37 Although an associated PRR(s) has yet to be identified, SEK-1 and NSY-1 are components of a MAPK signaling pathway immediately upstream from PMK-1, one of three known p38-family MAPKs in C. elegans. 37 Previous studies have also shown that MAPKs are utilized by vertebrates to signal the presence of C. burnetii. 61, [82] [83] [84] [85] Furthermore, MAPKs of Saccharomyces cerevisiae yeast are modulated by C. burnetii's Icm/Dot type IVB secretion system effector proteins. 86 For these reasons, we analyzed C. elegans sek-1 mutants to characterize the role of this MAPK signaling pathway in response to C. burnetii exposure. To accomplish this, we compared longevities of wild type and sek-1(-) C. elegans exposed to live CCB and E. coli OP50 (Figure 8b) . Sek-1(-) nematodes exposed to live E. coli or CCB exhibited significant decreases in survival as compared to wild type nematodes subjected to the same treatments (P < 0.0001 by pair-wise log-rank test for each treatment). Furthermore, exposure of sek-1(-) mutants to live CCB resulted in a significant (P < 0.0001) lifespan reduction (5 d median survival time) relative to exposure to live E. coli (7 d median survival time) (Figure 8b) .
CCB infection of sek-1 mutants was also characterized by fluorescence microscopy, and the most overt pathology was remarkable intestinal distension, the greatest degree seen in any nematode strain in this study (Figure 8c, d) . C. elegans became packed with CCB and after 9 d, the intestinal lumen appeared to span the entire width of the nematode. Moreover, the hindgut region of the intestinal canal often appeared coiled owing to swelling from accumulation of CCB (Figure 8c ). While CCB-infected sek-1 mutants exhibited Dar, this pathology was relatively decreased in frequency and severity compared with infected wild type or tol-1(-) nematodes. For example, by 8 d all infected wild type nematodes exhibited !Dar-2 swelling (see Figure 6e ), whereas even after 9 d a Dar phenotype was rarely observed in sek-1(-) mutants (Figure 8c ). These results suggest that the C. elegans immune signaling response to C. burnetii involves MAPK SEK-1.
C. elegans daf-2(ts) mutants are colonized by Coxiella but exhibit diminished pathologies relative to wild type nematodes The C. elegans lysozyme gene lys-8 is up-regulated upon bacterial infection, and both DAF-2/DAF-16 (insulin-receptor-like) and DBL-1/TGF-b signaling pathways have been shown to participate in this process. 37, 87 The DAF-2/DAF-16 pathway is activated when an agonist binds to the insulin-like growth factor DAF-2 membrane receptor tyrosine kinase and initiates a phosphorylation cascade, ultimately resulting in cytoplasmic retention of DAF-16-P (Figure 9a) . However, when DAF-2 is bound by an antagonist or the corresponding gene is mutated, DAF-16 is not phosphorylated and instead translocates to the nucleus where it up-regulates a number of antimicrobial and stress-response genes. Thus, daf-2 mutants are more resistant to infection by a variety of pathogenic bacteria owing to DAF-16-induced immune system activation and production of antimicrobials, such as lysozyme. 37, 88 Thus, we were curious whether C. elegans daf-2 mutants were also capable of resisting a C. burnetii infection. Survival of daf-2(ts) and wild type nematodes was analyzed in parallel upon exposure to either C. elegans exposed to live E. coli OP50 or CCB. Survival analyses demonstrate that the survival curves of tol-1(-) nematodes exposed to live E. coli or CCB were significantly different (P ¼ 0.0015 by pair-wise log-rank test) with median survival times decreased from 12 d (when fed live E. coli) to 7 d (when fed live CCB). However, there was no significant difference (P ¼ 0.6787 by pair-wise log-rank test) in the life spans of tol-1(-) compared with wild type (WT) N2 nematodes exposed to live CCB or live E. coli OP50, suggesting that TOL-1 is not used to detect C. burnetii.
live CCB or E. coli OP50 (Figure 9b ). A significant (P ¼ 0.0023 by pair-wise log-rank test) difference between survival curves upon exposure to CCB was observed, with median survival of wild type C. elegans at 21 d and DAF-2 mutant at 29 d, suggesting that a daf-2 mutation aids in controlling Coxiella infection. Analysis of CCB-infected daf-2 mutants by fluorescence microscopy showed a marked decrease in intestinal distension and bacterial load per worm by visual inspection (Figure 9c, d ). Intact CCB appeared to accumulate in the hindgut of daf-2 mutants, and although Dar pathologies were occasionally observed, they were restricted to Dar-1 (not shown).
Discussion
Compared with vertebrate host-pathogen model systems, C. elegans provides a number of advantages for studying the innate immune response to C. burnetii: (i) C. elegans is relatively inexpensive to maintain, house, and manipulate; (ii) large populations of hosts can be generated in a relatively short amount of time, as a single adult C. elegans can lay >200 eggs which hatch and develop into egg-laying adults in just a few days; (iii) C. elegans bodies are transparent, which allows easy microscopic visualization of host-pathogen interactions over time in live animals; and (iv) C. elegans are genetically tractable and mutants in nearly every genetic locus are available for study.
Our results demonstrate that C. elegans is capable of recognizing and avoiding C. burnetii, which is the nematode's first line of innate immunity. This avoidance behavior has been attributed, in part, to the worm's ability to sense its environment via NPR-1, a homologue of the mammalian neuropeptide Y receptor, 89 as well as a ubiquitin ligase. 90 It would be interesting to study these mutants to understand the molecular basis of the Coxiella avoidance behavior.
Dar is a C. elegans pathology first described as a result of infection by M. nematophilum. 91 Several laboratories independently observed Dar in C. elegans cultures and initially assumed it was the result of a naturally occurring mutation(s). It was later determined that Dar was actually the result of an infection by M. nematophilum, a new species of a Gram-positive coryneform bacterium fortuitously isolated in contaminated C. elegans cultures. 91 M. nematophilum adheres to rectal epithelium and post-anal cuticle, where it induces local swelling and constipation that leads to a nonlethal, slowed-growth phenotype. 91 Although diverse bacteria are pathogens of C. elegans, 92 the pathologies and innate immune response induced by M. nematophilum are somewhat unusual and are reminiscent of what we observed during a C. burnetii infection (Figures 2, 3 and 6 ). C. elegans nucleotide sugar transporter mutants (srf-3) were previously shown to be resistant to a M. nematophilum infection, as well as to Yersinia adherence and biofilm formation. 93, 94 A srf-3 mutation resulted in a 65% reduction in C. elegans O-linked glycoconjugates, strongly suggesting that secreted nematode glycoconjugates play a role in adherence of M. nematophilum and Yersinia to the C. elegans intestinal lumen. 93, 94 Thus, future studies with C. elegans srf-3 mutants may indicate a similar immune mechanism during a C. burnetii infection.
Previously, chemical and transposon libraries of C. elegans were screened for bacterial un-swollen (bus) mutants that exhibited little or no Dar following a M. nematophilum infection to identify genes involved in bacterial adhesion/colonization or the swelling response, 95 including c-type lectins, 96 galactosyltransferase, 97 ,98 mucins 99 and O-glycoconjugates. 100 One of the isolated C. elegans mutants (bus-4) was resistant to infection by M. nematophilum and Yersinia owing to overproduction of a nematode mucin equivalent. 99 Interestingly, surfactant protein D is a C-type lectin and innate immune effector present in many vertebrate mucosal surfaces such as the lung, and has recently been shown to bind C. burnetii and participate in subversion of phagocytosis in mouse alveolar macrophages. 101 Future C. burnetii infection studies involving bus-4(-) mutant strains will test whether a similar mechanism may mediate resistance to C. burnetii infection.
In this study, we analyzed the ability of C. burnetii RSA 439 (phase II) to infect C. elegans and demonstrated a lack of participation by TOL-1, a TLR, in the nematode's response to the bacterium (Figure 7) . A number of studies have investigated the role of TLRs in the detection and immune response to C. burnetii, and results strongly suggest that TLR1, 30, 32 
TLR2
102-105 and TLR4 31, [106] [107] [108] participate in pathogen recognition and signaling, and that bacterial LPS plays a pivotal role in recognition shielding. When wild type, virulent C. burnetii (phase I) is passaged in vitro, naturally occurring mutation(s) result in loss of genes required for synthesis of full-length LPS with a concurrent loss of virulence. These attenuated LPS mutant strains are referred to as phase II. 109, 110 It is thought that phase I LPS shields C. burnetii from detection by host Abs, 111 complement 112 and TLRs, 113 and thus enables C. burnetii infection to progress. As we used C. burnetii phase II in this study, it would be interesting to understand how C. elegans responds to full-length C. burnetii LPS and virulent phase I C. burnetii. However, our results demonstrate activation of the C. elegans immune system by TLR/LPS-independent mechanism(s), suggesting that alternate evolutionarily conserved pathways such as TFEB/HLH-30 39 may play a role in vertebrate innate immune recognition of C. burnetii.
CCB-infected sek-1(-) mutants exhibited Dar ( Figure 8 ) with a markedly decreased frequency and severity relative to CCB-infected wild type nematodes ( Figure 6 ). It is logical to hypothesize that this may be owing to SEK-1-mediated signaling being essential for the worm's pathogen invasion response manifested by swelling/Dar or overlap in signaling outcomes with other pathways such as ERK. 37, 114 We also showed that DAF-2 mutants were resistant to infection by CCB, likely owing to overproduction of antimicrobials such as lysozyme. 37, 88 Future studies characterizing invertebrate signaling and effector antimicrobials involved might eventually lead to novel approaches for developing therapeutics for infected humans and domesticated ruminants.
In this study, we describe several overt manifestations in C. elegans responding to a C. burnetii exposure, including pathogen avoidance and pathological results of infection (Dar, a significantly reduced longevity, Elbs and intestinal distension), which indicate activation of the nematode's inducible immune system. These features make this model particularly attractive for investigating Coxiella's molecular pathogenesis. In conclusion, our results demonstrate the utility of C. elegans as a user-friendly model for studying Coxiella virulence and host innate immunity mechanisms. Currently, we are attempting to characterize C. burnetii molecule(s) that play a role in inducing the immune system of C. elegans (C. burnetii Tn-seq assay), 115 as well as to better understand the specific induced innate immune response mechanisms of the nematode (transcriptomic and proteomic analyses) and identify potential homologues in humans.
